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Abstract: This study aims to estimate the total biomass aboveground and soil carbon stocks in a
Mediterranean riparian forest and identify the contribution of the different species and ecosystem
compartments to the overall riparian carbon reservoir. We used a combined field and object-based
image analysis (OBIA) approach, based on unmanned aerial vehicle (UAV) multispectral imagery,
to assess C stock of three dominant riparian species. A linear discriminator was designed, based on
a set of spectral variables previously selected in an optimal way, permitting the classification of
the species corresponding to every object in the study area. This made it possible to estimate
the area occupied by each species and its contribution to the tree aboveground biomass (AGB).
Three uncertainty levels were considered, related to the trade-off between the number of unclassified
and misclassified objects, leading to an error control associated with the estimated tree AGB. We found
that riparian woodlands dominated by Acacia dealbata Link showed the highest average carbon stock
per unit area (251 ± 90 tC ha−1) followed by Alnus glutinosa (L.) Gaertner (162 ± 12 tC ha−1) and
by Salix salviifolia Brot. (73 ± 17 tC ha−1), which are mainly related to the stem density, vegetation
development and successional stage of the different stands. The woody tree compartment showed
the highest inputs (79%), followed by the understory vegetation (12%) and lastly by the soil mineral
layer (9%). Spectral vegetation indices developed to suppress saturation effects were consistently
selected as important variables for species classification. The total tree AGB in the study area varies
from 734 to 1053 tC according to the distinct levels of uncertainty. This study provided the foundations
for the assessment of the riparian carbon sequestration and the economic value of the carbon stocks
provided by similar Mediterranean riparian forests, a highly relevant ecosystem service for the
regulation of climate change effects.
Keywords: above ground biomass (AGB); carbon stocks; ecosystem services; riparian allometric
equations; unmanned aerial vehicle (UAV)
1. Introduction
Riparian forests and floodplain areas have been referred to as important carbon sinks, and thus
are crucial systems to mitigate the effects of climate change and to provide a regulation ecosystem
service [1–4]. Riparian forests as subjected to frequent floods and resulting geomorphologic processes,
exhibiting high spatial and temporal variability with consequent high potential for long-term C storage.
Patterns of sediment and nutrient changes combined with distinct levels of water availability promote
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rapid changes in species composition, distribution, and density. These factors can stimulate higher
rates of biomass accumulation in riparian zones when compared with terrestrial forest systems [1,3–5].
Carbon storage and sequestration vary along environmental gradients and for different riparian
species [4,6]. Carbon reservoirs in riparian forests seem to be positively correlated with annual
precipitation and negatively correlated with maximum temperature [4,7]. However, no clear patterns
concerning the effects of climate and geological setting in C sequestration have yet emerged from the
available literature, as most of the studies are on temperate regions [3,4,6]. In addition to climate, several
local factors may influence the carbon storage capacity of riparian ecosystems like the floodplain width,
the gradient of inundation, the valley geometry, the channel complexity and the flow regime [3,4,8].
Wide floodplains with complex channel forms and strong lateral connectivity promoting complex
vegetation structures are expected to have high carbon stock per unit area [4]. Additionally, C stocks
in the different compartments seem to be ruled by different processes, although manifold drivers
remain uncertain [3,9]. While the carbon stock in aboveground woody biomass and roots appears to
be driven by site-specific factors, such as distance to the groundwater table, stand age, vegetation
structure, successional stage and species composition, the carbon stock in the understory litterfall and
soil are additionally sensitive to short-term changes in environmental variables such as mean annual
temperature and precipitation and hydrological disturbance [3]. A detailed review concerning the
physical factors that influence the retention of organic carbon in floodplains and riparian systems can
be found in Sutfin et al. [4].
The most important gap concerning C stocks of riparian forests is the lack of knowledge across
diverse climates and related vegetation types. Research on riparian carbon stock is very scarce
and most studies came from South and North America, with limited studies in Europe [1–3,10–12],
and particularly for the Mediterranean areas. As far as we know, only Cabezas and Comín [11]
addressed the carbon stock capacity of a Mediterranean riparian forest, located in the Ebro River (NE
Spain) and only at the topsoil level and in the river sediments. So, quantifying the carbon stocks and
sequestration in these ecosystems may help to define the baseline conditions which can be further used
to support restoration designs or for addressing the impact of climate change on C stocks in riparian
ecosystems [9]. Field data are required to quantify the carbon stocks of riparian ecosystems, and the
relative contribution of the different compartments across distinct ecoregions.
Field-based estimations can be combined with GIS techniques and remote sensing approaches to
obtain large-scale maps of vegetation, soil and total carbon stock distributions. Although in a very
limited number, these spatial modelling approaches have been successfully applied in the USA [13,14]
and Mexico [15], but also in Europe [12,16,17]. The most common methodologies rely on calibrating
satellite measurements (spectral, textural and geometric variables) to in situ estimates of aboveground
biomass (AGB) at field study plots. AGB is usually determined using a combination of allometric
equations that establish the relationships among field plot inventory data (stem diameter, tree height,
tree density,) and AGB. These allometric equations are, in turn, developed from trees that have been
dissected, oven-dried and weighed [18] and mostly directed for commercial woody species [19,20].
Thus, field surveys are an urgent need to develop appropriate allometric biomass models across a wide
range of riparian ecosystems, which may be important to assess the global significance of riparian
systems on the overall carbon cycle.
There is a vast literature concerning the use of remote sensing approaches to estimate AGB for
terrestrial forest ecosystems [18]. However, research on AGB and carbon stock in riparian and floodplain
forests is extremely limited [13,14]. The information is even scarcer for riparian systems located in
the Mediterranean region, where estimates of AGB and carbon sequestration are extremely needed.
Multispectral and hyperspectral data with high spatial resolution have been successfully used in
floodplain areas to perform remote-sensing AGB-retrieval models, using in situ AGB as training and
validation data [13–16,21]. However, in riparian habitats, and especially in Mediterranean regions,
very high spatial resolution is mandatory to map vegetation due to the limited width and high
structural complexity of riparian vegetation patches [22–24]. Unmanned aerial vehicle (UAV) imagery
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may overcome this issue since the sub-decimeter spatial resolution and high spatial accuracy may be
achieved with these sensors [25]. Although rare, some studies have demonstrated the potential of
UAV imagery to finely describe and monitor riparian systems thought the classification and mapping
of riparian species, but also by assessing the vegetation health condition, at a local scale [26,27] and
using multi-temporal approaches [28]. Recent studies have also concluded that AGB can be accurately
estimated using tree height and crown diameter variables derived from airborne high spatial resolution
images [19] or LIDAR data. However, this “tree-centric” remote sensing approach cannot be applied
for riparian forests, since it is not possible to individualize trees or measure the vertical structure of
the riparian forest accurately, in the amalgam of vegetation that characterizes Mediterranean riparian
systems. Thus, in this study we applied an object-based image analysis (OBIA) approach to a UAV
multispectral imagery, to identify, not individual trees, but clusters of similar neighbouring pixels from
the same riparian species, hereafter referred to as riparian objects (RO). In very high spatial resolution
imagery, riparian objects are composed of several adjacent pixels. Object-based image analysis (OBIA)
initially aggregates these adjacent pixels into spectrally homogeneous regions—the objects—so that
the variance within objects is less than the variance between objects [24,29,30].
This study primarily aims to estimate the carbon stock of Mediterranean riparian forest and assess
the potentiality of remote sensing methods for C stocks assessments in riparian ecosystems. For this,
we used in situ data and the spatial distribution of the tree AGB is obtained using a remote sensing
OBIA approach applied to the UAV-acquired imagery. Four underlying questions were addressed:
(i) what are the differences in the aboveground C stock on tree biomass of the dominant species (i.e.,
Alnus glutinosa (L.) Gaertner, Salix salviifolia Brot.and Acacia dealbata Link )?; 9ii) What is the contribution
of the different ecosystem compartments (tree + understory + soil) to the overall riparian carbon
reservoir? (iii) What are the key spectral variables most suitable for the remote sensing classification
of these riparian trees’ species? (iv) What is the confidence level of the assessment of the riparian C
reservoir when using remote sensing data?
The results are expected to contribute to understanding and evaluating the importance of riparian
forests as providers of a climate regulation ecosystem service and to support the management and
restoration of these multifunctional ecotones.
2. Materials and Methods
2.1. Study Area and Riparian Typologies
The study was conducted in a 3km-long stretch of River Alcolobre, a tributary of Tagus River,
located in centre-west Portugal, between 39◦24′39” N, 8◦15′41” W and 39◦23′44”N, 8◦15′07” W
(Figure 1, Video 1-DOI:10.5281/zenodo.3667672). The studied stretch is spread over calcareous
Mesozoic formations in a typical Mediterranean climate characterized by mild winters and hot dry
summers and frequently has irregular interannual fluctuations of precipitation [31]. Flood peaks
usually occur in early winter, followed by a slow decline in flow and a consequent drying during
late spring and summer. The riparian area has been managed and protected since 1983 by The
Navigator Company, a pulp and paper company, under responsible and sustainable forestry practices
in compliance with recognized international forest management certification systems.
The study area was selected due to the presence of a black alder (Alnus glutinosa) woodland
with high conservation status (priority habitat 91E0—Alluvial forests with Alnus glutinosa according
to the Annex I of Directive 92/43/EEC) and the simultaneous occurrence of other types of riparian
woodland. The latter includes an almost monospecific forest composed by an Iberian endemic shrub
—Salix salviifolia (borrazeira-branca)—and an area highly invaded by silver wattle (Acacia dealbata),
an invasive species native to southeastern Australia.
Specifically, the study area, at its northern part, is composed of a mature and well-preserved
alder woodland with elderberries (Sambucus nigra L.) on the edge, grey-willows (Salix atrocinerea
Brot.), black poplars (Populus nigra L.), alder buckthorn (Frangula alnus Miller) and common hawthorn
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(Crataegus monogyna Jacq.) in the understory. The central area is composed of a dense forest of old
mimosa trees with alders mixed with narrowed-leaved ash (Fraxinus angustifolia Vahl), and elm-leaf
blackberry (Rubus ulmifolius Schott) on the understory. In the southern area, there is a young but dense
willow woodland of borrazeira-branca with small width as it has been constrained by umbrella pine
(Pinus pinea L.) plantations.Forests 2020, 11, x FOR PEER REVIEW 4 of 23 
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2.2. Field Data Collection
We collected field data on 14 sampling plots (SP) across the riparian forest to estimate in situ the
total aboveground biomass (AGB), in the understory component and the organic and mineral soil layer,
for the three dominant riparian woodlands: alder, willow, and acacia woodlands.
2.2.1. Tree Inventory
The tree inventory was conducted in sampling plots (SP) of 314 m2 (10m of radius) using a
stratified random design to represent each riparian woodland type (Figure 1). Four sampling plots were
established with a radius of 5m (SP10 and SP11) or using a semi-circular design (SP08, SP13) due to the
small width of the riparian corridor. Sampling plots were separated by at least 50m to avoid spatial
autocorrelation in the data. The central point of each sampling plot was geo-referenced by applying
a post-processing differential correction to the data recorded through a global positioning system
(GPS) with an estimated accuracy of less than 1m (Figure 2a). Within each SP, and to estimate the total
biomass in the aboveground component, we measured diameter at breast height (DBH), total height
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(H), and identified all trees at the species level, with DBH≥ 7cm following the methodological approach
of Ravindranath and Ostwald [32] (Figure 2b). The position of each tree inside each plot was identified
by recording the azimuth and the distance to the central point of the sampling plot. We considered
pure and dominated plots for each riparian species with more than 75% of the basal area tree cover.
The number of stems, as well as the basal area (calculated as the sum of the DBH cross-sectional area),
of all the trees in the plot were reported to the hectare unit area.
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2.2.2. Understory Biomass
To estimate the biomass in the understory component, we collected all green material (shrubs
and herbaceous vegetation) within 50 × 50 cm square plots placed at five locations in each sampling
plot: the central point and in the extreme N, S, W and E coordinates (Figure 2e). All the material
was kept in identified bags, taken to the laboratory and placed in the oven for 48 h at 60 ◦C until
constant weight. The understory biomass was converted to the respective plot unit area and to carbon
stocks by applying a conversion factor of 0.47 [5,33].
2.2.3. Organic and Mineral Soil Layer
For the quantification of the biomass in the organic soil layer, we collected all the partially
decomposed material at the soil surface within the 50 × 50cm square plots in the center of each
sampling plot. All the material was collected and placed in identified bags. The samples were taken to
the laboratory and placed in the oven for 48 h at 70 ◦C for dry weight calculation and the carbon stock
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calculated by multiplying the biomass dry weight by a conversion factor of 0.47. For the quantification
of the carbon in the mineral soil layer, we used a soil probe and randomly collected five soil cores up to
20 cm within the plot area (Figure 2f). We also collected the respective soil bulk density to convert the
organic material in carbon stock per unit area using the methodology described in FAO [34]. Field data
were collected between 4 May and 16 July 2018.
2.3. Allometric Models for Biomass Quantification
To obtain the in situ AGB for each riparian woodland type, we used two methods:
(1) species-specific biomass allometric models applied to the trees inventoried in each SP and (2)
the biomass harvesting method for the construction of a non-linear biomass model for the species
where no allometric models exist: the endemic Salix salviifolia. Regarding the first method, we carried
out a literature review of all the species-specific allometric models and organized the database by
dendrometric ranges of DBH and H of the trees used to build the models. The models selected were the
ones that fitted the DBH and H ranges of the trees under study and in analogous climatic conditions.
Regarding the second methodology, and only for the endemic willow (Salix salviifolia), where no
allometric equation was found in the literature with the referred combination criteria, we develop a
new allometric model using a destructive approach. For that, 15 stems were harvested from 5 to 30 cm
DBH and the total aboveground fresh weight measured in the field with a digital scale (Figure 2c,d). A
sample of approximately 300g was brought to the laboratory for dry weight calculations and used to
convert fresh to dry weight biomass. A simple non-linear regression model was developed by relating
the total aboveground biomass (in kg) with DBH (cm) and/or H (m). The best model used only DBH:
AGB = 0.1758 × DBH2.1314 (R2 = 0.94, MSE = 4.5). (1)
The biomass equations collected and developed were then applied to each of the stems measured
in each plot and the total species-specific biomass calculated on an area basis.
We used the conversion factor of 0.5 for the conversion of biomass into carbon and the calculations
were reported on an area basis (tC ha−1) [33,35].
2.4. UAV Imagery Acquisition and Processing
The study area was surveyed on 11th August 2018 using a fixed-wing UAV SenseFly eBee platform,
operated by Terradrone Co. The UAV weighs 700g with payload and battery and has a maximum
operational flight time of approximately 45 min, depending on wind speed and direction. The flight
control system on-board is a SenseFly autopilot. Installed in a laptop, the software eMotion 3 plans
and controls the flight in real-time, using a telemetry radio link up to 3 km. The flight mission was
prepared to cover the entire study area using parallel flight lines with an overlap of 80% (both lateral
and longitudinal). The altitude of each flight line was around 120 m from the terrain heights, i.e.,
referenced to the terrain topography to obtain a ground distance as constant as possible.
Two imaging sensors were used in this study: a) RGB SenseFly SODA with a 1-inch sensor, RGB
lens F/2.8–11, 10.6 mm (35 mm equivalent: 29 mm), Global Shutter 1/30 – 1/2000s and ISO range of
125–6400, and b) a multispectral (MSP) camera Sequoia (Parrot, 2017). The Sequoia MSP camera
acquires imagery in the green spectrum (550 nm, 40 nm bandwidth), red spectrum (660 nm, 40 nm
bandwidth), red edge spectrum (735 nm, 10 nm bandwidth), and NIR spectrum (790 nm, 40 nm
bandwidth), with a resolution of 1.2 MP per image and 1280 × 960 px image size.
The RGB sensor was used to produce a true-colour composite orthomosaic, while the MSP sensor
was used to produce reflectance maps with spectral information for each band. Since the UAV platform
can only operate with one sensor at a time, and due to battery and weather limitations, four flights were
conducted to cover the entire study area. A total of 520 images were acquired with the RGB sensor,
at an altitude of 120 m, while 2854 images were acquired with the MSP sensor at an altitude of 100 m.
With these flight settings, the acquired multispectral images had a spatial resolution of 10 cm while the
Forests 2020, 11, 376 7 of 21
RGB orthophoto was obtained with 3 cm of spatial resolution. An 80%–80% of forwarding and side
overlap between neighbouring images was set, taking into consideration the terrain orography and
the vegetation characteristics (vegetation density and land use). This is a critical aspect of mission
planning. A reduced overlap between neighbouring images may inhibit the process of creating an
accurate image mosaic by producing zones without radiometric information [36,37].
The flights were conducted under sunny and cloudless conditions, with a wind speed of 5 m/s,
between 11:00 AM and 02:00 PM. The MSP camera has an upward-facing irradiance sensor that
captures information for lighting conditions and sun angle at the exact time of capture of each image.
The irradiance sensor can measure the arbitrary incoming irradiance for each image frame so that
the irradiance measurement can be used for radiometric normalisation. Image quality evaluation
was performed by visual examination and mainly involves the detection of vignetting effects and the
presence of blurry images and oblique scenes. All images were included in the dataset since none of
these problems was detected. The Pix4DMapper software (Pix4D S.A., Lucerne, Switzerland) was used
for the radiometric correction in order to convert sensor radiance into normalised surface reflectance
values for each band [38,39]. The algorithm uses the illumination parameters such as sun angle and sun
irradiation collected before each flight—using a radiometric target—and the irradiance measurements
to generate a ‘surface reflectance map’, which will allow the comparison of spectral measurements and
derive calibrated vegetation indexes for the entire study area.
As for the geometric correction, 12 GPS RTK points were deployed as ground control points
(GCPs) across the entire study area, using the real-time network correction based on the nearest base
station (Entroncamento), located within 20 km of the study site. The coordinates and heights of the
points were collected and subsequently used in the photogrammetric process to enhance horizontal
and vertical precision. The geo-referencing root-mean-square error (RMSE) of the dataset was 0.16 m.
The overall projection error was 1.27 pixels in all datasets.
2.5. Object-Based Classification and AGB Remote Estimation
2.5.1. Image Segmentation
An object-based approach was used to identify clusters of similar neighbouring pixels from
the same riparian species, hereafter referred to as riparian objects (RO). The object-based approach
is particularly useful for species classification using very high spatial resolution imagery, when
compared with the pixel-based approach, since it promotes the statistical separability between classes,
by initially aggregating adjacent pixels into spectrally, texturally and geometrically homogeneous
regions—the objects [29,40]. The object-oriented classification includes two steps: image segmentation
and object classification. The segmentation process should produce semantically and ecologically
meaningful objects, which means having a translation in the real-world [29]. In this study, segmentation
should ideally produce polygons that correspond to individual trees, in order to estimate AGB using
variables that can be measured remotely, such as the crown diameter [19]. However, in our riparian
forest, it was not possible to individualize trees due to its high spatial variability, vegetation density and
strata complexity. Thus, to remotely estimate the total tree AGB and the respective spatial distribution
along the study area, we first segmented the UAV image and classified the objects in the three dominant
riparian classes. Then, we applied the in situ carbon stocks estimations, per unit canopy tree cover,
for each class, to the entire riparian forest.
We started by digitalized manually, in the RGB-geometrically corrected imagery, the riparian
patches for the three dominant classes: Alnus glutinosa (RO_AlnGlu), Acacia dealbata (RO_AcaDea)
and Salix salviifolia (RO_SalSal). The geographic location of the species patch is known from the field
surveys. We termed this dataset as RO_Manual and used it as ground truth data (Figure 3). In order
to obtain the total canopy cover area for each species, we summed the areas of the RO_Manual for
corresponding species. The remote tree average AGB estimate per unit area was obtained for each
dominant species by summing the AGB values obtained with the field data (described in 2.2.1 and 2.3)
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in all the RO_Manual and dividing the value by the total canopy cover area. It should be noted that
the remote estimation of the tree average AGB was reported to the unit area of canopy cover, which is
an image-based measure. However, the soil unit area was used for the characterization of the in situ




Figure 3. Illustration of the manual digitalization and segmentation phases overlaid in the RGB 
composite unmanned aerial vehicle (UAV) imagery in: a) the northern part of the riparian forest 
dominated by Alnus glutinosa, b) the central part of the riparian forest dominated by Acacia dealbata 
and c) the southern part of the riparian forest dominated by Salix salviifolia. Yellow patches in the left 
panels represent the field sampling plots with the manual objects visually classified, while red 
patches, in the right panels, represent the objects automatically produced in the segmentation phase 
using the Green-Red-NIR image-composite bands. 
Then, the “Mean-shift” algorithm [41,42] was used in the segmentation phase using the 
Segmentation toolbox (ESRI ArcGIS10.5). The optimizable parameters in the “Mean-shift” algorithm 
include the spatial detail, the spectral detail and the minimum segment size. The parameters were 
established following the criteria of previous studies [24,43,44] by using a systematic trial and error 
approach, validated by visual image inspection, which means for this case, how well the objects 
match with the manually digitalized patches, i.e., the RO_Manual (Figure3). In our study, we selected 
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Then, the “Mean-shift” algorithm [41,42] was used in the segmentation phase using the
Segmentation toolbox (ESRI ArcGIS10.5). The optimizable parameters in the “Mean-shift” algorithm
include the spatial detail, the spectral detail and the minimum segment size. The parameters were
established following the criteria of previous studies [24,43,44] by using a systematic trial and error
approach, validated by visual image inspection, which means for this case, how well the objects match
with the manually digitalized patches, i.e., the RO_Manual (Figure 3). In our study, we selected a spatial
detail of 16, a spectral detail of 5 and the minimum segment size of 20. The segmentation algorithm
was then applied to two image-composite bands, namely Green-Red-NIR and Green-Red-RedEdge.
These two datasets were termed as GRNIR and GRRedEdge, respectively. Image-composite bands
with NIR and RedEdge in simultaneous were not considered since they showed high redundancy
(correlation coefficient > 0.95).
2.5.2. Classification and Accuracy Assessment
Linear discriminant analysis (LDA) was used to separate the riparian objects according to the
corresponding species. The linear separator permits us to classify any riparian object based on its mean
spectral variables. Before the separation process, we identified the best set of spectral variables able to
perform species classification.
The selected variables describe the spectral reflectance characteristics of each riparian object
class (Table 1). We calculated the mean and standard deviation of each UAV band and tested several
well-referenced Vegetation Indices (VI), which assesses the greenness level of the objects and its
associated primary productivity and vegetation growth [21,45–48]. We did not select any spectral
indices developed to minimize the effect of soil or the atmospheric effects in the reflectance of the
vegetation, since all the study area showed a large vegetation cover and the images were collected
from a low altitude platform.
Table 1. Characterization of the spectral indices used in this study. Acronyms in parenthesis.
Name Description Calculation Reference
Mean
(AVGBAND_x)
Basic spectral statistics Average value of the pixels
comprising the object in each band
(Green, Red, RedEdge, NIR)





Greenness level. High values for
green vegetation
ρNIR−ρRed





Greenness level. More sensitive to
variations of chlorophyll contents
than NDVI
ρNIR−ρGreen
ρNIR+ρGreen Gitelson et al., 1996; 1998
[45,46]
Red Edge Normalized Difference
Vegetation Index
(RedEdgeNDVI)
Greenness level. Less prone to
saturation
ρNIR−ρRed Edge
ρNIR+ρRed Edge Xie et al., 2018 [48]
Green Chlorophyll Index (GCI) Greenness level. More sensitive to
variations of chlorophyll contents
and a higher signal-to-noise ratio.
ρNIR
ρGreen − 1 Xie et al., 2018
Gitelson et al., 2003
[47]
Red Edge Chlorophyll Index
(RedEdgeCI)
Greenness level. Less prone to
saturation.
ρNIR
ρRed Edge − 1 Xie et al., 2018 [48]











Xie et al., 2018 [48]











Xie et al., 2018 [48]
Training objects were selected to represent about 0.1% of the total objects, for each class, i.e.,
31 RO_AlnGlu, 34 RO_AcaDea and 32 RO_SalSal. The full dataset of training objects was composed of
three matrices (RO_GRNIR, RO_GRRedEdge, and RO_RGB_Manual) with eleven spectral variables in
each one.
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Correlation coefficients (r) between all pairs of variables were initially used to avoid redundancy
in the data. RedEdgeCI, RedEdgeNDVI and GNDVI were eliminated since they show a high
correlation (r>0.99) with RedEdgeMSR and NDVI, respectively, in both RO_GRNIR, RO_GRRedEdge
and RO_RGB_Manual datasets.
An optimization algorithm, that implements an adaptation of the Leaps and Bounds Algorithm,
was then applied to each matrix, returning the best variable subset of a given cardinality that is
optimal for linear discrimination. The computations were performed by the function eleaps from
R package subselect (v.014; Cerdeira et al. [49,50]), using ‘ccr12’ as criterion. The resulting subset
of spectral variables was then used to devise a linear discriminator for each UAV image-composite
band, namely GRNIR and GRRedEdge. Since three main riparian species were considered in the
training set, the discriminant is a 2-dimensional space. For each UAV image-composite band,
the accuracy of the obtained discriminator was achieved through 100 bootstrap replicates, where,
in each replicate, 99 random points were selected with replication as training data and the remaining
points (± 32 to 41 points) were used to test. The accuracy was measured by the percentage of
misclassified objects, summarized in a confusion matrix. All computations related to LDA were
performed by the functions lda and predict from R package MASS (v.7.3–51.5; Ripley et. al., [51]).
The use of bootstrap to access accuracy is implemented in caret R package (v. 6.0–84; Kuhn M, [51]).
A bivariate normal density was then fitted to the training data points, in the 2-dimension
discriminant space, corresponding to each species. We used the ellipsis associated to the regions of
probabilities p = 95%, 99%, and 99.9% to classify each object as follows: if the object falls in an ellipse
of probability p, it is classified in one of the three riparian classes, AlnGlu, AcaDea or SalSal; if it
falls outside every ellipses, it is considered as “unclassified”. The “unclassified” objects include the
“canopy gap” and other riparian species and vegetation-related classes found in the gallery, but to a
lesser extent.
Combining the area correspondent to the classified objects, with the AGB per unit area of
canopy cover, for each of the three species, we obtained the remote estimations of the total amount of
tree AGB in the riparian forest, for the three main riparian species. Repeating the classification process
for each probability level, it was possible to get an accuracy interval for the remote tree AGB estimation.
We additionally characterize the riparian objects classified in the three species using landscape metrics,
namely the mean patch size (MPS), the number of objects (Nump), and the percentage of class area
(CA) relative to the total study area, using the three probability levels (95%, 99%, and 99.9%) [52].
3. Results
3.1. Carbon Stocks in Situ
The field results reveal that the compartment with the highest contribution to the total carbon
stock in the riparian forest is the woody tree compartment (79%), followed by the understory vegetation
(herbaceous, shrubs and partially decomposed litterfall) with 12%, and lastly the soil mineral layer
with 9% (Figure 4).
The plots dominated by Acacia dealbata showed the highest total carbon stock (tree + understory + soil),
averaging 251 ± 90 tC ha−1 (mean ± standard error) (Figure 4). The diameter at breast height in these
plots averages 11 ± 3 cm and the average number of trees is 6102 ± 3682 trees/ha. The carbon fraction in
the aboveground tree compartment is 192± 84tC ha−1, followed by the understory, with 45 ± 10 tC ha−1,
and the mineral soil, with 15 ± 1t tC ha−1 (Figure 4).
Pure and dominated plots of Alnus glutinosa showed an average DBH of 26 ± 2 cm and
an average tree density of 743 ± 165 trees/ha. The total carbon stock (tree + understory + soil)
averages 162 ± 12 tC ha−1, having the highest fraction in the aboveground tree biomass component
(140 ± 13 tC ha−1). The understory vegetation and litterfall accounts for 9 ± 3 tC ha−1 and the mineral
soil layer for 13 ± 1 tC ha−1.
Forests 2020, 11, 376 11 of 21
Forests 2020, 11, x FOR PEER REVIEW 12 of 23 
 
The plots dominated by Acacia dealbata showed the highest total carbon stock (tree + understory 
+ soil), averaging 251 ± 90 tC ha−1 (mean ± standard error) (Figure 4). The diameter at breast height in 
these plots averages 11 ± 3 cm and the average number of trees is 6102 ± 3682 trees/ha. The carbon 
fraction in the aboveground tree compartment is 192 ± 84tC ha−1, followed by the understory, with 45 
± 10 tC ha−1, and the mineral soil, with 15 ± 1t tC ha−1 (Figure 4). 
Pure and dominated plots of Alnus glutinosa showed an average DBH of 26 ± 2 cm and an average 
tree density of 743 ± 165 trees/ha. The total carbon stock (tree + understory + soil) averages 162 ± 12 
tC ha−1, having the highest fraction in the aboveground tree biomass component (140 ± 13 tC ha−1). 
The understory vegetation and litterfall accounts for 9 ± 3 tC ha−1 and the mineral soil layer for 13 ± 1 
tC ha−1. 
 
Figure 4. Carbon stocks of Alnus glutinosa (AlnGlu), Acacia dealbata (AcaDea) and Salix salviifolia. 
(SalSal) woodlands by component. AGB—aboveground biomass. 
The plots dominated by Salix salviifolia are quite heterogeneous regarding density, displaying an 
average of 6436 ± 2793 stem/ha and a DBH of 7 ± 0 cm. The total carbon stock (tree + understory + soil) 
averages 73 ± 17tC ha−1. The aboveground tree compartment has the lowest average among the three 
species, with 48 ± 18 tC ha−1, followed by the soil, with 13 ± 1 tC ha−1, and the understory, with 12 ± 1 
tC ha−1. 
Two plots with a mixture of species, other than the abovementioned, were also measured. In 
addition to Acacia dealbata, Alnus glutinosa and Salix salviifolia, species like Fraxinus angustifolia, 
Populus nigra and Salix atrocinerea were also inventoried. These species DBH range was 13 ± 7, 26 ± 6 
and 17 ± 6 cm and occupying an area of 10%, 12% and 72%, respectively. The biomass was not 
estimated for these species as they represented only a small fraction of the riparian forest. 
3.2. OBIA Species Classification and Tree AGB Maps 
The discriminant confusion matrix showed high and similar average accuracy with the three 
band combinations: GRNIR image-composite band (99.5%) followed by the RGB_Manual (99.0%) and 
the GRRedEdge (98.3%) (Table 2). 
  
Figure 4. Carbon stocks of Alnus glutinosa (AlnGlu), Acacia dealbata (AcaDea) and Salix salviifolia.
(SalSal) woodlands by component. AGB—aboveground biomass.
The plots dominated by Salix salviifolia are quite heterogeneous regarding density, displaying an
average of 6436 ± 2793 stem/ha and a DBH of 7 ± 0 cm. The total carbon stock (tree + understory +
soil) averages 73 ± 17tC ha−1. The aboveground tree compartment has the lowest average among
the three species, with 48 ± 18 tC ha−1, followed by the soil, with 13 ± 1 tC ha−1, and the understory,
with 12 ± 1 tC ha−1.
Two plots with a mixture of species, other than the abovementioned, were also measured.
In addition to Acacia dealbata, Alnus glutinosa and Salix salviifolia, species like Fraxinus angustifolia,
Populus nigra and Salix atrocinerea were also inventoried. These species DBH range was 13 ± 7, 26 ± 6
and 17 ± 6 cm and occupying an area of 10%, 12% and 72%, respectively. The biomass was not
estimated for these species as they represented only a small fraction of the riparian forest.
3.2. OBIA Species Classification and Tree AGB Maps
The discriminant confusion matrix showed high and similar average accuracy with the three band
combinations: GRNIR image-composite band (99.5%) followed by the RGB_Manual (99.0%) and the
GRRedEdge (98.3%) (Table 2).
Table 2. Confusion matrix based on 100 bootstrap replicates. In each replicate, 99 random points are
selected with replication as train data and the remaining points (± 32 to 41 points) are used to test.
Reference (RO_GRNIR) Reference (RO_GRRedEdge) Reference (RO_RBG_Manual)
Prediction AcaDea AlnGlu SalSal AcaDea AlnGlu SalSal AcaDea AlnGlu SalSal
AcaDea 34.4 0.4 0 34.5 1.4 0 32.7 0.4 0
AlnGlu 0 30.9 0 0 30.9 0 0 30.7 0




Misclassifications mainly occurred between Alnus glutinosa and Acacia dealbata objects (Table 2,
Figure 5) and reached a maximum of 1.4% in the GRRedEdge image-composite band. The efficient
complete search algorithm identified some differences in the selection of the best set of variables,
according to the band combination (File S2). MSR, RedEdgeMSR and GCI and the average values of
the red and NIR bands were typically considered as significant variables to distinguish the distinct
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RO classes. On the contrary, the NDVI band was consistently avoided in the best sub-set models.
Nevertheless, and since the GRNIR image achieved the highest classification accuracy (99.5) (Table 2),
NIR, GCI, RedEdgeMSR, Red and MSR variables were selected for the subsequent species classification.
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Figure 5. Training objects in the bidimensional space of Linear Discriminant using the three image-band
combination. Yellow dots represent Salix salviifolia, blue dots Acacia dealbata and green dots Alnus
glutinosa objects. RO_GRNIR—riparian objects automatically obtained during the segmentation process
with the Green-Red-NIR image-composite band; RO_GRRedEdge—riparian objects automatically
obtained during the segmentation process with the Green-Red-RedEdge image-composite band.
RO_Manual—riparian objects manually digitalized with the RGB image-composite band.
The regions corresponding to each species in the space of linear discriminant are shown in
File S3, while Figure 6 shows the r spective OBIA classification maps for an exemplification area
dominated by each of the studi d woodlands. As expected, the objects located in the northern part of
the rip rian forest were mainly classified as Alnus glutinosa, although s me Acacia dealbata a d Salix
salviifolia stands were cognized (Figure 6a). I the ce tral rea of t e riparian forest, the majority
of the objects were identified as Acacia dealbata, while some Salix salviifolia stands and large Alnus
glutinosa patches were are also predicted (Figure 6b). The southern part was mainly mapped as Salix
salviifolia, although some intermingled small Acacia dealbata and Alnus glutinosa patches were forecasted
(Figure 6c). The unclassified objects were mainly related to other species-vegetated patches, bare soil
areas mostly located in the external limits of the study area, and to low albedo features, like shadows,
typically located inside the gallery.
Concerning the tree cover area, Acacia dealbata showed the highest percentage of predicted
occupation in the riparian forest (CA), ranging from 22.3% to 32.1%, followed by Alnus glutinosa (CA
from 20.9% to 29.8%) and by Salix salviifolia (CA from 9.9% to 14.2%) (Table 3). Salix salviifolia objects
showed the young character of the woodland area with the smallest mean patch size (MPS from
3.0 m2 ± 0.2 to 2.3m2 ± 0.1) (mean ± standard error), while Alnus glutinosa and Acacia dealbata exhibit
larger riparian patches (MPS from 4.3 ± 0.4 to 3.8 ± 0.3 m2 and MPS from 4.2 ± 0.3 to 3.7 ± 0.2 m2,
respectively) (Table 3). Although the majority of the unclassified objects represent small patches (MPS
from 1.9 ± 0.1 to 1.5 ± 0.0 m2) the predicted cover area occupies 46.9% to 23.9%, according to the
probability levels of 95% and 99.9%, respectively.
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Table 3. Number of objects (Nump), mean patch size (MPS) ± standard error and percentage of class
area (CA) of the classified riparian objects in the three dominant species (Acacia dealbata, Alnus glutinosa
and Salix salviifolia) and the unclassified riparian objects (Unclass) relative to the total study area,




















AcaDea 5961 4.2 ± 0.3 22.3 7823 3.9 ± 0.2 27.3 9645 3.7 ± 0.2 32.1
AlnGlu 5509 4.3 ± 0.4 20.9 7380 4.0 ± 0.3 26.9 8727 3.8 ± 0.3 29.8
SalSal 3694 3.0 ± 0.2 9.9 5249 2.6 ± 0.2 12.1 6888 2.3 ± 0.1 14.2
Unclass 27187 1.9 ± 0.1 46.9 21899 1.7 ± 0.1 33.7 17091 1.5 ± 0.0 23.9
The total tree AGB in the study area varies from 734.1 to 1052.8 tC according to the distinct
probability levels. Acacia dealbata stored 369.8, 453.4, and 534.2 tC, Alnus glutinosa stored 314.9, 404.2,
and 448.2 tC and Salix salviifolia stored 49.3, 60.3, and 70.5 tC, according to the 95%, 99% and 99.9%
probability levels.
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4. Discussion
4.1. Riparian Carbon Stocks
The in situ average estimation of the total aboveground, understory and soil carbon stocks in our
Mediterranean riparian forest revealed values ranging from 122.4 to 201.2 tC ha−1. Acacia dealbata
show the highest average for the total carbon stocks (250.7 ± 89.5 tC ha−1), followed by Alnus glutinosa
(161.6 ± 11.8 tC ha−1) and Salix salviifolia (73.1± 16.9 tC ha−1). Carbon reservoirs increase with forest age,
successional stages and vegetation development [15]. The contrasting carbon stocks estimates found
for each riparian species mainly reflect the capacity for tree growth and the biomass accumulation in
the aboveground woody component, which is substantially different between Alnus glutinosa and Salix
salviifolia. Acacia dealbata showed a high capacity to grow under high inter- and intraspecific competition
levels, showing a high number of stems with considerable dimensions per unit area. Higher values
for total C stocks (soil and aboveground carbon stocks) were reported in a study conducted on the
Danubian floodplains [1]. In the referred study, the highest total C stocks (474 tC ha−1) were observed
in mature riparian hardwoods dominated by Fraxinus excelsior L., Acer campestre L., Alnus incana (L.)
Moench, Carpinus betulus L. and Quercus robur L., followed by cottonwoods dominated by Populus sp.
(403 tC ha−1). Softwoods dominated by Salix alba L. and Acer negundo L. attained 356 tC ha−1, while
meadows and reeds achieved 212 tC ha−1. Nevertheless, Cartisano et al. [2] estimated lower values
(88 tC ha−1) of aboveground woody biomass in poplar-dominated riparian forests located in Paglia
River (central Italy). Nevertheless, the reported values for total riparian carbon stocks, including trees,
shrubs, herbaceous, litterfall and soil are highly variable in the available literature. In a recent synthesis
developed mostly in temperate riparian forests located in North and South America, Dybala et al. [7]
estimated that riparian forests stored an average of 68–158 tC ha−1 of biomass at maturity. In our
study, we found a high stock variability, especially in the tree component (average range from 48.4 to
191.5 tC ha−1) and in the understory compartment (average range from 8.6 to 44.6 tC ha−1) and less
variability in the soil component (average range from 12.9 to 14.6 tC ha−1). Nevertheless, those values
were mentioned as competing with the highest estimates from other terrestrial forest ecosystems in
Portugal, ranging values up to 150 tC ha−1 in stone pine (Pinus pinea) stands with varying ages and
tree densities [53], 33 tC ha−1 in a cork oak (Quercus suber L.) forests (with 177 tree ha−1 and 50 years
old) [54] and approximately 200 tC ha−1 in a eucalyptus (Eucalyptus globulus Labill.) stands [55].
Human disturbance, like land-use and land-cover changes, streamflow regulation and channel
alterations may also influence carbon storage dynamics in riparian ecosystems. Worldwide patterns of
deforestation and agricultural land-use intensification are likely to cause significant carbon emissions
and a reduction in the amount of carbon stored by riparian and floodplain areas [9,56,57]. In a study
conducted on riparian meadows of Sierra Nevada, California, USA, the authors observed that degraded
riparian systems, due to logging and livestock grazing, stored a lesser amount of carbon in soils
when compared with undisturbed riparian meadows [58]. In our study area, although we observed
a well-preserved riparian forest, with an interesting dynamic of natural regeneration, especially in
the northern part, all the study area is surrounded by an intensive forest production system, mainly
composed by Eucalyptus and Pinus plantations (Video 1-DOI:10.5281/zenodo.3667672). Land-use
and land-cover changes may promote changes in the transport of sediments and nutrients causing
alterations on the organic carbon fluxes along the floodplain. Thus, higher values of carbon stocks could
be obtained in more near-natural riparian systems, although these pristine ecosystems are relatively
rare in Mediterranean systems. Additionally, the presence of old-stage successional Acacia dealbata
stands in our study area reflects riparian degradation patterns, resulting from the direct long-standing
human disturbance within the river system [59]. Although these stands achieved the highest carbon
stocks, Acacia dealbata is an aggressive alien invasive species in Mediterranean streams, reducing
biodiversity, causing water depletion and habitat loss and thus its control should be promoted [59].
Concerning the relative contribution of the different ecosystem compartments to the overall
carbon reservoir we found that, like in other studies conducted in riparian and floodplain areas, the
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woody tree compartment shows the highest inputs (79%), followed by the understory vegetation (12%)
and lastly by the soil mineral layer (9%). Nevertheless, carbon stocks and the relative importance
of the distinct carbon pools are driven by large-scale climate and geological variables and also by
local-scale factors like valley geometry, channel complexity, soil type, hydrological connectivity and
microbial activity [1,3,4]. In our study, the higher fraction of biomass accumulated under Acacia
dealbata reflects the higher productivity of the species, which influences leaf fall turnover rates and its
accumulation in the understory. In Mediterranean regions, carbon reservoirs are highly influenced
by the strong seasonality of precipitation and flooding, which affects productivity, local transport,
and redistribution of organic matter. Soils in Mediterranean riparian areas are seasonally flooded
and subjected to strong water stream events. Soil structure and all the surface soil layer itself is lost,
and thus the soil carbon stock is likely highly spatially and temporally variable, and usually lower
than in temperate regions [3,4]. Also, the soil texture, characterized by coarse gravel with little or no
aggregation elements, severely reduces the capacity to retain any carbon.
4.2. AGB Remote-Sensing Approach
This study represents a “combine and assign remote-sensing” approach sensu Goetz et al. [18]
to estimate and mapping the carbon storage of a Mediterranean riparian forest. In the proposed
methodology, in situ estimates of AGB are associated with distinct vegetation classes, derived from a
remote-sensing approach, to provide a finer-grained spatial distribution of tree AGB in the study area.
Different AGB weights are assigned according to the riparian species and a detailed tree AGB map
was produced with the geographic location of the carbon stock values across the riparian forest.
These maps can be used for management proposes for the identification of conservation areas for
long-term carbon reservoirs or to prioritize zones to improve or restore carbon stock accumulations.
In addition, it can be used to assess the economic value of the carbon ecosystem service provided by
the riparian forest. Carbon storage can be seen as a co-benefit of riparian restoration, in addition to
biodiversity improvement and conservation [5,20].
Despite the advantages, the proposed approach is not able, for a given species, to discriminate
AGB gradients according to the successional stage, DBH or stem density variability. A unique average
AGB per unit area value is assigned to a vegetation class and assumed to be representative for a given
spatial unit, i.e., the riparian object. Moreover, spectral variables were used to priorly discriminate
and classify the riparian species, but were not able to directly discriminate AGB variability between
the riparian species. In highly dense canopy cover conditions, which characterize our study area,
similar VI spectral behaviour and saturation effects may explain the low performance of vegetation
indices to discriminate AGB gradients [21,60]. Although highly variable AGB could be found in mature
and advanced successional forests, as observed in our riparian system, the complicated vegetation
stand structures often result in similar reflectance behaviour, generating poor correlation between
biomass and spectral signatures [60].
The majority of the “combine and assign remote-sensing” studies in floodplain areas made
use of allometric equations relating field measurements with remote-sensing derived variables to
estimate AGB but varies in the way that those field data are combined. Usually, AGB is modelled for
spectrally dissimilar land-use classes or habitat types which represent distinct biomass levels (e.g.,
high water-related herbaceous zone, vs low water-related woody zone) by relating in situ values, at the
field plot level, to remote-sensing derived variables at the pixel level [14]. In other cases, object-based
approaches (OBIA) are used and spectral information is combined with ancillary geo-information
(topography maps, groundwater models, object size) to derive the classification schemes rules to
discriminate the AGB for the distinct vegetation classes [12,16]. However, in our study area, all the
riparian vegetation classes represent co-existence species with identical canopy closure subject to
similar biophysical parameters. The distinct riparian objects (RO) had similar patch sizes (MPS) and
were evenly distributed along the riparian forest. Thus, no lateral water-gradient was observed on its
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spatial distribution, nor another geometric attribute that could be used to improve AGB accuracy in
our OBIA approach.
Our results also support the direct ability of multispectral UAV imagery data to classify riparian
species and to indirectly estimate tree AGB. Other studies have also demonstrated the importance
of UAV for species classification in riverine ecosystems [26,27,38]. Additionally, high classification
accuracy was obtained with the distinct image bands’ combinations showing that for practical proposes
riparian objects may be obtained, during the segmentation phase of the OBIA approach, with the
Green-Red-NIR, but also with the Green-Red-RedEdge colour-composite bands without loss of
classification accuracy. However, in similar ecosystems, with high canopy cover conditions, vegetation
indices (VI) developed to suppress saturation effects, like MSR, RedEdgeMSR, and GCI, should be
selected to improve the classification accuracy.
The proposed methodology represents a conservative approach in the estimation of the carbon
stocks in riparian forests. To minimize the misclassification of the dominant species, only objects with
high confidence levels (95% to 99.9%) were classified in the three dominant species. Thus, high values
of carbon stocks could be expected in a riparian forest if all vegetation patches would be classified.
In addition, total carbon stocks were naturally underestimated using the exclusively remote sensing
approach, since understory and soil components were not included due to the superimposition of
canopies and the inherent associated uncertainty. Accurate field-remote temporal monitoring of
the carbon stocks is particularly needed to improve our process-based knowledge of how riparian
and riverine ecosystems dynamics contributes to carbon storage throughout the various stages of
succession. However, no single approach, whether exclusive field or remote sensing, can be expected
to provide consistent and especially large-scale estimates of biomass, but the use of different methods
in a synergistic way may overcome the restrictions of each one.
5. Conclusions
Carbon stocks from riparian forests may have an uneven contribution to the total carbon pools
of Mediterranean systems given the small area occupied in the landscape. In our study, we found
an in situ average of above and belowground of carbon stocks ranging from 122.4 to 201.2 tC ha−1.
Although variable according to the riparian species, stem density and vegetation development stage,
the woody tree compartment represents the large majority of the carbon reservoirs in our riparian
forest (79%). The combined field and remote sensing approach adopted in this study allowed us
to evaluate and map, at a very high spatial resolution, the spatial distribution of the tree AGB,
which varies from 734.1 to 1052.8 tC, according to the 95%, 99%, and 99.9% probability levels.
Nevertheless, these values represent a conservative approach for the carbon stocks estimates, since up
to 46.9% to 23.9% of the total study area (according to the distinct probability levels) was not assigned
to any vegetation class under study. Our conclusions also support the suitability of multispectral
UAV imagery data to indirectly estimate tree AGB via a priori riparian species classification. Spectral
vegetation indices developed to suppress saturation effects were consistently selected as important
variables for the discrimination of co-existence woody riparian species.
Riparian forests and similar floodplain and wetlands areas represent highly dynamic and
challenging ecosystems for ground survey measurements due to their restricted accessibility and
thus required advanced but comprehensive methods to estimate biomass and carbon stocks such
as remote sensing approaches. Future prospective research should be able to use remote-sensing
approaches to discriminate AGB gradients according to the vegetation species, successional stage,
DBH or stem density variability. In some cases, LIDAR-derived information may help to achieve
high ABG accuracy estimates since it has the unique capability of measuring the three-dimensional
vegetation structure [28]. Nevertheless, in highly dynamic riverine ecosystems the extraordinary strata
complexity of the uneven-aged forests may impose serious challenges also for LIDAR sensors with
limited spatial coverage and relatively large ground footprint.
Forests 2020, 11, 376 18 of 21
Supplementary Materials: The following are available online at http://www.mdpi.com/1999-4907/11/4/376/s1,
File S2: Best set of variables according to an efficient complete search algorithm implemented in the R package
subselect using as criterion the maximization of ccr21 coefficient, File S3: Regions corresponding to each species
in the space of linear discriminants. Ellipses represent the regions of probabilities 95% (darker), 99% and 99.9%
(lighter) of a bivariate normal.
Author Contributions: The individual contributions of each author are as follows: Conceptualization of the
project, M.R.F., F.C.A., and A.C.C.; Methodology, Data Collection and Data Curation, M.R.F., F.C.A., A.C.C., M.J.M.,
M.T.F. and N.R., Formal Analysis, M.J.M. and M.R.F. Funding Acquisition M.T.F. and M.R.F. M.R.F. led the writing
and all authors contributed to the original draft preparation. All authors have read and agreed to the published
version of the manuscript.
Funding: This study received backing from Forest Research Center (CEF). CEF is a research unit funded by
Foundation for Science and Technology (FCT), Portugal (UID/AGR/00239/2019 and UIDB/00239/2020), and from
Project RIVEAL, PTDC/CTA-AMB/29790/2017. MRF, FCA and AC were supported by national funds via FCT
–Fundação para a Ciência e a Tecnologia, I.P., under “Norma Transitória DL57/2016/CP1382/CT0019, DL57/2016
and DL 57/2016/CP1382/CT0016, respectively.
Acknowledgments: We acknowledge “The Navigator Company” for the logistic support during the field work and
the Portuguese National Aeronautical Authority for the authorization to perform the UAV flight in military space.
Conflicts of Interest: The authors declare no conflict of interest.
References
1. Cierjacks, A.; Kleinschmit, B.; Babinsky, M.; Kleinschroth, F.; Markert, A.; Menzel, M.; Ziechmann, U.;
Schiller, T.; Graf, M.; Lang, F. Carbon stocks of soil and vegetation on Danubian floodplain. J. Plant Nutr. Soil
Sci. 2010, 173, 644–653. [CrossRef]
2. Cartisano, R.; Mattioli, W.; Corona, P.; Mugnozza, G.S.; Sabatti, M.; Ferrari, B.; Cimini, D.; Giuliarelli, D.
Assessing and mapping biomass potential productivity from poplar-dominated riparian forests: A case
study. Biomass Bioenergy 2013, 54, 293–302. [CrossRef]
3. Rieger, I.; Kowarik, I.; Cierjacks, A. Drivers of carbon sequestration by biomass compartment of riparian
forests. Ecosphere 2015, 6, 185. [CrossRef]
4. Sutfin, N.A.; Wohl, E.E.; Dwir, K.A. Banking carbon: A review of organic carbon storage and physical factors
influencing retention in floodplains and riparian ecosystems. Earth Surf. Processes Landf. 2016, 41, 38–60.
[CrossRef]
5. Dybala, K.E.; Steger, K.; Walsh, R.G.; Smart, D.R.; Gardali, T.; Seavy, N.E. Optimizing carbon storage and
biodiversity co-benefits in reforested riparian zones. J. Appl. Ecol. 2018, 56, 1–11. [CrossRef]
6. Woodall, C.W.; Liknes, G.C. Climatic regions as an indicator of forest coarse and fine woody debris carbon
stocks in the United States. Carbon Balance Manag. 2008, 3, 5. [CrossRef]
7. Dybala, K.E.; Matzek, V.; Gardali, T.; Seavy, N.E. Carbon sequestration in riparian forests: A global synthesis
and meta-analysis. Glob. Chang. Biol. 2019, 25, 57–67. [CrossRef]
8. Dwire, K.A.; Kauffman, J.B.; Brookshire, E.N.J.; Baham, J.E. Plant biomass and species composition along an
environmental gradient in montane riparian meadows. Oecologia 2004, 139, 309–317. [CrossRef]
9. Giese, L.A.B.; Aust, W.M.; Kolka, R.K.; Trettin, C.C. Biomass and carbon pools of disturbed riparian forests.
For. Ecol. Manag. 2003, 180, 493–508. [CrossRef]
10. Grabe, M.; Kleber, M.; Hartmann, K.J.; Jahn, R. Preparing a soil carbon inventory of Saxony-Anhalt, Central
Germany using GIS and the state soil data base SABO_P. J. Plant Nutr. Soil Sci. 2003, 166, 642–648. [CrossRef]
11. Cabezas, A.; Comín, F.A. Carbon and nitrogen accretion in the topsoil of the Middle Ebro River Floodplains
(NE Spain): Implications for their ecological restoration. Ecol. Eng. 2010, 36, 640–652. [CrossRef]
12. Suchenwirth, L.; Forster, M.; Cierjacks, A.; Lang, F.; Kleinschmit, B. Knowledge-based classification of remote
sensing data for the estimation of below- and above-ground organic carbon stocks in riparian forests. Wetl.
Ecol. Manag. 2012, 20, 151–163. [CrossRef]
13. Filipi, A.M.; Güneralp, I.; Randal, J. Hyperspectral remote sensing of aboveground biomass on a river
meander bend using multivariate adaptive regression splines and stochastic gradient boosting. Remote Sens.
Lett. 2014, 5, 432–441. [CrossRef]
14. Güneralp, I.; Filippi, A.M.; Randall, J. Estimation of floodplain aboveground biomass using multispectral
remote sensing and nonparametric modeling. Int. J. Appl. Earth Obs. Geoinf. 2014, 33, 119–126. [CrossRef]
Forests 2020, 11, 376 19 of 21
15. Mendez-Estrella, R.; Romo-Leon, J.R.; Castellanos, A. Mapping changes in carbon storage and productivity
services provided by riparian ecosystems of semi-arid environments in Northwestern Mexico. ISPRS Int. J.
Geoinf. 2017, 6, 298. [CrossRef]
16. Suchenwirth, L.; Stumer, W.; Schmidt, T.; Forster, M.; Kleinschmit, B. Large-scale mapping of carbon stocks in
riparian forest with self-organizing maps and the k-neighbor algorithm. Forests 2014, 5, 1635–1652. [CrossRef]
17. Husson, E.; Lindgren, F.; Ecke, F. Assessing biomass and metal contents in riparian vegetation along a
pollution gradient using an unmanned aircraft system. Water Air Soil Pollut. 2014, 225, 1957. [CrossRef]
18. Goetz, S.; Baccini, A.; Laporte, N.; Johns, T.; Walker, W.; Kellndorfer, J.; Houghton, R.; Sun, M. Mapping and
monitoring carbon stocks with satellite observations: A comparison of methods. Carbon Balance Manag. 2009,
4, 2. [CrossRef]
19. Jucker, T.; Caspersen, J.; Chavé, J.; Antin, C.; Barbier, N.; Bongers, F.; Dalponte, M.; van Ewijk, K.Y.;
Forrester, D.I.; Haeni, M.; et al. Allometric equations for integrating remote sensing imagery into forest
monitoring programmes. Glob. Chang. Biol. 2017, 23, 177–190. [CrossRef]
20. Matzek, V.; Stella, J.; Ropion, P. Development of a carbon calculator tool for riparian forest restoration. Appl.
Veg. Sci. 2018, 1–11. [CrossRef]
21. Barrachina, M.; Cristóbal, J.; Tulla, A.F. Estimating above-ground biomass on mountain meadows and
pastures through remote sensing. Int. J. Appl. Earth Obs. Geoinf. 2015, 38, 184–192. [CrossRef]
22. Congalton, R.G.; Birch, K.; Jones, R.; Schriever, J. Evaluating remotely sensed techniques for mapping riparian
vegetation. Comput. Electron. Agric. 2002, 37, 113–126. [CrossRef]
23. Dufour, S.; Bernez, I.; Betbeder, J.; Corgne, S.; Hubert-Moy, L.; Nabucet, J.; Rapinel, S.; Sawtschuk, J.; Trollé, C.
Monitoring restored riparian vegetation: How can recent developments in remote sensing sciences help?
Knowl. Manag. Aquat. Ecosyst. 2013, 410, 10. [CrossRef]
24. Fernandes, M.R.; Aguiar, F.C.; Silva, J.M.N.; Ferreira, M.T.; Pereira, J.M.C. Optimal attributes for the object
based detection of giant reed in riparian habitats: A comparative study between Airborne High Spatial
Resolution and WorldView-2 imagery. Int. J. Appl. Earth Obs. Geoinf. 2014, 32, 79–91. [CrossRef]
25. Rango, A.; Laliberte, A.; Herrick, J.E.; Winters, C.; Havstad, K.; Steele, C.; Browning, D.N. Unmanned aerial
vehicle-based remote sensing for rangeland assessment, monitoring and management. J. Appl. Remote Sens.
2009, 3, 1–15. [CrossRef]
26. Dunford, R.; Michel, K.; Gagnage, M.; Piégay, H.; Trémelo, M.L. Potential and constraints of Unmanned
Aerial Vehicle technology for the characterization of Mediterranean riparian forest. Int. J. Remote Sens. 2009,
30, 4915–4935. [CrossRef]
27. Husson, E.; Hagner, O.; Ecke, F. Unmanned aircraft systems help to map aquatic vegetation. Appl. Veg. Sci.
2014, 567–577. [CrossRef]
28. Michez, A.; Piégay, H.; Lisein, J.; Claessens, H.; Lejeune, P. Classification of riparian forest species and health
condition using multi-temporal and hyperspatial imagery from unmanned aerial system. Environ. Monit.
Assess. 2016, 188, 146. [CrossRef]
29. Blaschke, T. Object based image analysis for remote sensing. J. Photogramm. Remote Sens. 2010, 65, 2–16.
[CrossRef]
30. Peña-Barragán, J.M.; Ngugi, M.K.; Plant, R.E.; Six, J. Object-based crop identification using multiple vegetation
indices, textural features and crop phenology. Remote Sens. Environ. 2011, 115, 1301–1316. [CrossRef]
31. Ninyerola, M.; Pons, X.; Roure, J.M. Atlas Climático Digital de la Península Ibérica. Metodología y Aplicaciones en
Bioclimatología y Geobotánica; Universidad Autónoma de Barcelona: Bellaterra, Spain, 2005; ISBN 932860-8-7.
32. Ravindranath, N.H.; Ostwald, M. Carbon Inventory Methods Handbook for Greenhouse Gas Inventory, Carbon
Mitigation and Roundwood Production Projects; Advances in Global Change Research Book Series; Springer
Netherlands: Dordrecht, The Netherlands, 2008; Volume 29. [CrossRef]
33. Intergovernmental Panel on Climate Change (IPCC). Good Practice Guidance for Land Use, Land-Use Change
and Forestry; Penman, J., Gytarsky, M., Hiraishi, T., Krug, T., Kruger, D., Pipatti, R., Buendia, L., Miwa, K.,
Ngara, T., Tanabe, K., et al., Eds.; Institute for Global Environmental Strategies: Hayama, Japan, 2003;
Available online: http://www.ipcc-nggip.iges.or.jp (accessed on 21 November 2019).
34. FAO. Measuring and modelling soil carbon stocks and stock changes in livestock production systems:
Guidelines for assessment (Version 1). In Livestock Environmental Assessment and Performance (LEAP)
Partnership; FAO: Rome, Italy, 2019; p. 170, Licence: CC BY-NC-SA 3.0 IGO.
Forests 2020, 11, 376 20 of 21
35. Smith, J.E.; Heath, L.S.; Hoover, C.M. Carbon factors and models for forest carbon estimates for the 2005-2011
National Greenhouse Gas Inventories of the United States. For. Ecol. Manag. 2013, 307, 7–19. [CrossRef]
36. Guerra-Hernández, J.; González-Ferreiro, E.; Sarmento, A.; Silva, J.; Nunes, A.; Correia, A.; Fontes, L.;
Tomé, M.; Díaz-Varela, R. Using high resolution UAV imagery to estimate tree variables in Pinus pinea
plantation in Portugal. For. Syst. 2016, 25, 1–5 eSC09. [CrossRef]
37. Lu, B.; He, Y. Species classification using Unmanned Aerial Vehicle (UAV)-acquired high spatial resolution
imagery in a heterogeneous grassland. ISPRS J. Photogramm. Remote Sens. 2017, 128, 73–85. [CrossRef]
38. Hakala, T.; Markelin, L.; Honkavaara, E.; Scott, B.; Theocharous, T.; Nevalainen, O.; Näsi, R.; Suomalainen, J.;
Viljanen, N.; Greenwell, C.; et al. Direct reflectance measurements from drones: Sensor absolute radiometric
calibration and system tests for forest reflectance characterization. Sensors 2018, 18, 1417. [CrossRef]
[PubMed]
39. Tu, Y.; Phinn, S.; Johansen, K.; Robson, A. Assessing radiometric correction approaches for Multi-Spectral
UAS imagery for horticultural applications. Remote Sens. 2018, 10, 1684. [CrossRef]
40. Ke, Y.; Quackenbush, L.J.; Im, J. Synergistic use of QuickBird multispectral imagery and LIDAR data for
object-based forest species classification. Remote Sens. Environ. 2010, 114, 1141–1154. [CrossRef]
41. Comaniciu, D.; Meer, P. Mean shift: A robust approach toward feature space analysis. IEEE Trans. Pattern
Anal. Mach. Intell. 2002, 24, 603–619. [CrossRef]
42. Michel, J.; Youssefi, D.; Grizonnet, M. Stable mean-shift algorithm and its application to the segmentation of
arbitrarily large remote sensing images. IEEE Trans. Geosci. Remote Sens. 2015, 53, 952–964. [CrossRef]
43. Benz, U.C.; Hofmann, P.; Willhauck, G.; Lingenfelder, I.; Heynen, M. Multiresolution, object-oriented fuzzy
analysis of remote sensing data for GIS-ready information. ISPRS J. Photogramm. Remote Sens. 2004, 58,
239–258. [CrossRef]
44. Laliberté, A.S.; Rango, A.; Havstad, K.M.; Paris, J.F.; Beck, R.F.; McNeely, R.; Gonzalez, A.L. Object-oriented
image analysis for mapping shrub encroachment from 1937 to 2003 in southern New Mexico. Remote Sens.
Environ. 2004, 93, 198–210. [CrossRef]
45. Gitelson, A.A.; Kaufman, Y.J.; Merzlyak, M.N. Use of a green channel in remote sensing of global vegetation
from EOS-MODIS. Remote Sens. Environ. 1996, 58, 289–298. [CrossRef]
46. Gitelson, A.A.; Merzlyak, M.N. Remote sensing of chlorophyll concentration in higher plant leaves. Adv.
Space Res. 1998, 22, 689–692. [CrossRef]
47. Gitelson, A.A.; Gritz, Y.; Merzlyak, M.N. Relationships between leaf chlorophyll content and spectral
reflectance and algorithms for non-destructive chlorophyll assessment in higher plant leaves. Plant Pathol. J.
2003, 160, 271–282. [CrossRef] [PubMed]
48. Xie, Q.; Dash, J.; Huang, W.; Peng, D.; Qin, Q.; Mortimer, H.; Casa, R.; Pignatti, S.; Laneve, G.; Pascucci, S.;
et al. Vegetation indices. Combining the red and red-edge spectral information for leaf area index retrieval.
IEEE J. Sel. Top. Appl. Earth Obs. Remote Sens. 2018, 1–12, 1482–1493. [CrossRef]
49. Cerdeira, J.; Duarte Silva, P.; Cadima, J.; Minhoto, M. Subselect: Selecting Variable Subsets. R Package
Version 0.14. Available online: https://CRAN.R-project.org/package=subselect (accessed on 21 October 2019).
50. Venables, W.N.; Ripley, B.D. Modern Applied Statistics with S, 4th ed.; Springer: New York, NY, USA, 2002;
ISBN 0-387-95457-0.
51. Kuhn, M.; Wing, J.; Weston, S.; Williams, A.; Keefer, C.; Engelhardt, A.; Cooper, T.; Mayer, Z.; Kenkel, B.; The
R Core Team; et al. Caret: Classification and Regression Training. R Package Version 6.0–84. 2019. Available
online: https://CRAN.R-project.org/package=caret (accessed on 21 November 2019).
52. McGarigal, K.; Marks, B.J. FRAGSTATS. Spatial Pattern Analysis Program for Quantifying Landscape Structure.
Version 2.0; Forest Science Department, Oregon State University: Corvallis, OR, USA, 1994.
53. Correia, A.C.; Tomé, M.; Pacheco, C.A.; Faias, S.; Dias, A.C.; Freire, J.; Carvalho, P.O.; Pereira, J.S. Biomass
allometry and carbon factors for a Mediterranean pine (Pinus pinea L.) in Portugal. For. Syst. 2010, 19,
418–433. [CrossRef]
54. Correia, A.C.; Costa e Silva, F.; Dubbert, M.; Piayda, A.; Pereira, J.S. Severe dry winter affects plant phenology
and carbon balance of a cork oak woodland understorey. Acta Oecol. 2016, 26, 1–12. [CrossRef]
55. Soares, P.; Tomé, M.; Pereira, J.S.A. Produtividade do eucaliptal. In Impactes Ambientais do Eucaliptal
em Portugal; Alves, A.A.M., Pereira, J.S., Silva, e.J.M.N., Eds.; ISAPress: Lisboa, Portugal, 2007; ISBN
978-972-8669-25-6.
Forests 2020, 11, 376 21 of 21
56. Mitra, S.; Wassmann, R.; Vlek, P.L. An appraisal of global wetland area and its organic carbon stock. Curr.
Sci. 2005, 88, 25–35.
57. Ruffing, C.; Dwire, K.A.; Daniels, M.D. Carbon pools in stream riparian corridors; legacy of disturbance
along mountain streams of southeastern Wyoming. Earth Surf. Processes Landf. 2016, 41, 208–223. [CrossRef]
58. Norton, J.B.; Jungst, L.J.; Norton, U.; Olsen, H.R.; Tate, K.W.; Horwath, W.R. Soil carbon and nitrogen storage
in upper montane riparian meadows. Ecosystems 2011, 14, 1217–1231. [CrossRef]
59. Aguiar, F.C.; Ferreira, M.T.; Albuquerque, A.; Moreira, I. Alien and endemic flora on reference and
non-reference sites from Mediterranean type-streams of Portugal. Aquat. Conserv. 2007, 17, 335–347.
[CrossRef]
60. Lu, D. Aboveground biomass estimation using Landsat TM data in the Brazilian Amazon. Int. J. Remote Sens.
2005, 26, 2509–2525. [CrossRef]
© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).
